Abstract-The headbox is heart of the paper machine in paper industry. In the paper, the flow dynamics of the dilution water that adjusts the consistency of the fluid in a hydrodynamic headbox was studied by performing computational fluid dynamics (CFD) simulations. A standard k-ε turbulence model was used in conjunction with a study of the mass diffusion in the turbulent flow based on the species transport approach. A numerical simulation of headbox was performed using a SIMPLE scheme for the pressure-velocity coupling. The simulation results show that when dilution water was injected at different sites above the inlet of the step diffusion tube, the water content at the outlet of the slice channel conformed to a standard normal distribution. Furthermore, the site at which the dilution water is injected strongly affects the turbulent kinetic energy.
INTRODUCTION
A headbox is one of the key pieces of equipment used in papermaking machines. Its duty is to keep the pulp suspension uniformly distributed from the outlet of the headbox to the forming wire. The pulp suspension with sufficiently high turbulent intensity can prevent fibers from flocculating. A hydraulic headbox with the dilution control can adjust the CD basis weight distribution, avoiding the need to change slice opening profile and eliminating the bias and cross-flow phenomena caused by traditional methods.
Theoretical hydrodynamics can provide the background for designing the headbox so that the outlet of the slice channel will discharge the pulp suspension uniformly. Because the fiber network has characteristics of flocculation in the flow channel, a large number of scholars have studied fiber suspensions [1] [2] [3] [4] [5] . Full-scale experiments can be expensive; therefore, it would be beneficial to have a computational model that provides information on the effects of various design elements on the flow. Using numerical simulations like CFD, we can better understand the mixing characteristics of the dilution water and the characteristics of the flow in the step diffusion tube, equalizing chamber, turbulence generator, etc [6] [7] [8] [9] [10] [11] [12] [13] .
To gain a better understanding of the flow field caused by injecting dilution water from different locations in a hydraulic headbox, the study based on the flow channel of a headbox in engineering practice, follows our previous studies that CFD modeling of a headbox with injecting dilution water in a central step diffusion tube [14] [15] . In this paper, a standard k-ε turbulence model with a species transport approach, was used to describe the flow. The results showed that at the speed of 800 m/min, the hydrodynamic characteristics of the flow field were closely related to the injecting sites, diluted water would affect the consistency, and turbulence kinetic energy of the flow channel in the hydrodynamic headbox.
II. MATERIALS AND METHODS
In the previous studies, the experiment and model validation of a headbox with injecting dilution water in a central step diffusion tube have been introduced [19] . Meanwhile, the mesh and computational method have also been discussed. Based on the same model, CFD modeling of a headbox with injecting dilution water at a different step diffusion tube, was performed using the ANSYS 12.0 as the previous studies. To model the turbulence, a standard k-ε model was combined with a mass diffusion in turbulent flows species transport approach in mixed flow simulations of the viscous model. SIMPLE (Semi-Implicit Method for Pressure Linked Equations) schemes were used for pressure velocity coupling, whereas standard was used as the spatial discretization method for pressure. A second-order implicit scheme was used for advancing the time.
In the headbox model, as shown in Figure 1 , the main stream entering the inlet of the seven-step diffusion tubes was mixed with diluted water injected from its top, then passing through the step diffusion tube, equalizing chamber, turbulence generator and slice channel. The flow out of the slice channel was ejected. The flow from the seven-step diffusion tubes was treated as having equal flux, because the speeds in the manifold header were equal and the step diffusion tubes were the same sizes. Therefore, the computational model included only the step diffusion tube, the equalizing chamber, the turbulence generator and the slice channel.
In Figure 1 , the computational domain was from x=-57.5 mm to x=57.5 mm, y=-235 mm to y=235 mm, and z=-560 mm to z=1290 mm, where x, y, and z represented the three directions in the Cartesian coordinate system. The dilution site was 10 mm from the inlet of the main stream. The diameter of the dilution water inlet was 8 mm. The small and large pipes of the diffusion tubes were 20 mm and 30 mm in diameter, respectively, and 250 mm long. The inside of the equalizing chamber was approximately 450 × 250 × 115 mm. The section of the turbulence generator changed from a circle with a diameter of 35 mm to a rectangle with dimensions of 55 × 18 mm; this part was 400 mm long. The rectangular outlet of the slice channel had dimensions of 470 × 18 mm and was 700 mm long. In the model, the main stream entering the seven-step diffusion tubes was mixed with dilution water upstream of the step diffusion tubes, then passed through the equalizing chamber and the turbulence generator, and finally reached the slice channel. The flow was injected from the slice channel.
FIGURE I. COMPUTATIONAL DOMAIN OF THE HEADBOX MODEL
The low consistency pulp in the headbox is one kind of non-Newtonian viscoplastic fluid. The viscoplastic fluid behaves as the Newtonian fluid when the shear stress exceeds the yield stress [21, 22] . With medium-high speed, the flowing pulp of low consistency belongs to fully developed turbulence. When the shear stress exceeds the yield stress, the viscosity of pulp is constant as the Newtonian fluid. The flowing pulp of low consistency assumed to contain two fluids: one was water and the other was the low consistency pulp. With the consistency of the diluted pulp was 0.3% and the main stream was 1%, the CFD model was simulated by the listed parameters of Table 1 . To clarify the location of the dilution water sites, as shown in Figure 2 , "4" is the center step diffusion tube, "1" and "7" are the outside of step diffusion tubes, "2" and "6" are neighbors of "1" and "7" , "3" and "5" are next to "4". This paper will analyze the dilution water sites combination where the dilution water is injected from, including "2 6" combination, "3 5" combination, "1 7" combination, "4" and "all". For example, "all" refers to that all dilution water sites are injected by dilution water, "3 5" combination refers to that "3" and "5" dilution water sites are injected by dilution water, and the dilution water is not injected from 1, 2, 4, 6, and 7 simultaneously. The main stream was mixed with the dilution water injected at seven locations such as "1" "2" "3" "4""5" "6"and "7", making the water content at the outlet different from the different injection sites. As shown in Figure 3 , when the main stream was mixed with the dilution water injected at sites of "3 5" combination and "4", the curves were similar, the fluid's water content was the highest in the middle of the outlet, as the distance from the center of the outlet increases, the water content decreased.
To clarify the functional relationship between the location of the outlet and its water content, a distribution equation was deduced by simplifying the theoretical formulae. As shown in Figure 3 , a Gaussian function was used to fit the curve, the abscissa value was at x=30 mm, z=1290 mm, 235 mm y 235 mm and the ordinate value was the water content. A Gaussian function was as followed:
As shown in Figure 3 , the fitting coefficient could be greater than 0.99. This showed that the simulation results were in good agreement with the fitting values. To simplify the function given in equation (1), we set:
Substituting the above two equations into equation (1) gave the following:
Continuing the analysis of equation (1), (2), (3) and (4), ∆ was considered the "equivalent consistency" at the outlet of the converging slice, was the offset of the lowest point of the curve on the abscissa; the horizontal axis was going in the ydirection, 0 , 235 235 . 0 , it meant the curve opening was downward. We could conclude that when water was injected at sites of "3 5" combination and "4", the water content of the fluid at the outlet of the converging slice followed a standard normal distribution. FIGURE III. WATER CONTENT AT OUTLET OF "3"AND "5"COMBINATION AND "4" SITE As shown in Figure 4 , Figure 5 and Figure 6 , the water content were demonstrated when the dilution water was injected at sites of "2 6" combination, "1 7" combination and "all". At x=30mm, z=1290mm, 235mm y 235mm, i.e., at the outlet of the converging slice, the same location as that represented in Figure 3 , the main streams were mixed with the dilution water at locations "2 6" combination, "1 7" combination and "all", the water content was the least at the center of the outlet, which was at x=30 mm, y=0 mm, z=1290 mm, as the distance from the injected site increased, the water content decreased. To clarify the functional relationship between the locations of the outlet and its water content, a distribution equation was deduced by simplifying theoretical formulae. As shown in Figs. 4, 5, and 6, Gaussian function was used to fit the curve, the abscissa value was at x=30 mm, z=1290 mm, 235 mm y 235 mm and the ordinate value was the water content. A Gaussian function was as followed: 
By substituting the above two equations into equation (5), we derived the following formula: (8) Continuing the analysis of equation (5), (6), (7) and (8), Δ was considered as the "equivalent consistency" at the outlet of the converging slice, was the offset of the lowest point of the curve on the abscissa; the horizontal axis was going in the ydirection, 0, 235 235 . Because , Δ had a linear relationship with Y. In the expression (5), as 0, it meant the curve opening was upward. Therefore, we concluded that when water was injected at locations "2 6" combination, "1 7" combination and "all" locations, the
  equivalent consistency at the outlet of the converging slice followed a standard normal distribution.
B. Water Content at Different Z Locations
When dilution water was injected at sites of "2 6" combination, the water content at different z locations after the diluted water had mixed with main stream was shown in Figure  7 . At z=50 mm in the equalizing chamber, the water content appeared peaks at x=0 mm, y=-134 mm and at x=0 mm, y=134 mm, the two locations were just downstream of the sites at which the dilution water was injected, where the flows from the two injection sites did not completely mix with the main flow. On both sides of equalizing chamber, the water content was the lowest because the injected water had not arrived there. At z=300 mm (in the turbulence generator) and z=1000 mm (in the converging slice), the flows were more uniformly mixed and the consistency became stable, and the consistency differences decreased. Accordingly, when the dilution water was injected at the locations of "3 5"combination and "4", after the diluted water had mixed with main stream, the water contents at different z locations were shown in Figs. 8 and 9 . At z=50 mm (in the equalizing chamber), the water content appeared to have two peaks at the downstream sites of "3 5" combination in Figure 8 , they were closer than the injection sites"2 6" combination in Figure 7 . In Figure 9 , there was only one peak because of one "4" site. In Figs. 8 and 9 , as the flows moved from the step diffusion tube to the converging slice, they became more uniformly mixed. While in the "all" combination, as shown in Figure 10 , there were six peaks at z=50mm because of the coherence of injecting dilution water between "26", "35" "17", and "4" nearly equals 0 mm. In Figure 10 , the water content differences were the smallest in the figures because of seven injected sites. In Figure 11 , the water content appeared to have two peaks at the downstream sites of "1 7" combination. Similarly, as the mixed stream flowed to the turbulence generator and slice channel, the water content curve became more and more smooth. e-referred to the entrance of slice channel.
f-referred to the location 0.1m away from the entrance in the slice channel.
Figs. 12 illustrated the turbulent kinetic energy at different z locations for x=0 m, y=0 m at a flow speed of 800m/min. As seen from the figures, when dilution water was injected into some step diffusion tubes at different combinations, peaks appeared near the inlets (z=-0.56 m) where the dilution water was injected into the main stream from the vertical direction, and the entrance of the turbulence generator (z=0.2 m) where the change of flow section shape was sharp in the experimental model, the turbulent kinetic energy and dissipation rate were at peaks, they caused intensive turbulence. At the locations of "3 5"combination, "2 6" combination or "1 7" combination, no water was injected from the central step diffusion tube, the turbulent kinetic energies were lower. Similarly, when the mixed flow consisting of the main stream and dilution water arrived at the entrance of the turbulence generator, the turbulent kinetic energies were at peaks, but they were lower than "all" combination and "4" site.
When the mixed flow entered the thick pipes of the step diffusion tubes, the turbulent kinetic energy began to increase slightly because the step diffusion tubes suddenly increased in size. In the equalizing chamber, the turbulent kinetic energy of the mixed flow gradually became calm and steady. As the mixed flow passed through the turbulence generator and slice channel, the turbulent kinetic energy of the mixed flow became more stable, except for a small increased between the turbulence generator and the slice channel due to the change in the sizes.
IV. CONCLUSION
The flow dynamics of the dilution water that adjusts the consistency of the fluid in a hydrodynamic headbox has been studied by using CFD simulations. The results show that Standard k-ε turbulence models in conjunction with the mass diffusion in turbulence flow species transport approach can predict CFD model of a headbox for injecting dilution water at different locations with a flow speed of 800 m/min. The water content has a standard normal distribution at the outlet of the slice channel. The turbulent kinetic energy reaches the peaks at the downstream sites where the dilution water is injected. Pulp suspension becomes calm and stable as it enters the equalizing chamber, and the equalizing chamber has a role in eliminating and attenuating the energy fluctuations. The dilution water injection locations and the structure of headbox are the two important factors that affect the flow patter of pulp suspension.
